First principles total energy calculations were carried out to investigate structural and electronic properties of zinc blende-type AlN, BN and B x Al 1−x N solid solutions. We have calculated the lattice parameters, bulk modulus, pressure derivative, and B x Al 1−x N band-gap energy for zinc blende-type crystals of the compositions x = 0, 0.25, 0.5, 0.75, 1. The results show that the direct energy gap Γ v 15 → Γ c 1 shows a strong nonlinear dependence on the concentration x. For high boron contents (x > 0.71), these materials have a phase transition from direct-gap semiconductors to indirect-gap semiconductors (Γ v 15 → X c 1 ). This essential feature indicates that these materials should have very good optical properties at high concentrations of boron compared to those of AlN. Further discussions concern a comparison of our results with results obtained with other available theoretical and experimental methods.
Introduction
Semiconductors of binary nitrides such as AlN, GaN, InN, or BN are of great interest and are widely used for the fabrication of optical and electronic devices. In the last decade many investigations were devoted to the study of structural and electronic properties of wide-gap semiconductors [1, 2] . Regarding ternary nitride semiconductors, different studies were dedicated to the calculation of the structural and electronic properties of these materials [3 -12] . The electronic behavior such as the band-gap width can be tuned by substitution. The purpose of this paper is to illustrate such modifications by providing original ab initio data on the structural and electronic properties of zinc blende-type B x Al 1−x N solid solutions with different compositions, x = 0, 0.25, 0.50, 0.75, and 1, and compare them with zinc blende-type AlN and BN. The calculations were carried out within the density functional theory (DFT) [13, 14] .
Method of Calculation
Self-consistent calculations of total energies and the electronic structure based on the scalar relativistic full-potential (FP) "linearized augmented plane wave" (LAPW) method were carried out using the WIEN2K code [15] . This is a very accurate and efficient scheme 0932-0776 / 08 / 0900-1069 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com to solve the Kohn-Sham equations of density functional theory (DFT). While this method can use different schemes for the treatment of the effects of exchange and correlation, we here use, like in former work [1, 2] , the local density approximation (LDA) following the Perdew-Wang implementation [16] . Basis functions, electron densities and potentials were expanded inside the muffin-tin (MT) spheres in combination with spherical harmonic functions with a cutoff l max = 10, and in Fourier series in the interstitial region. Within this method a parameter which determines the matrix size, R MT K max , was used with a value of 7, where R MT denotes the atomic sphere radius, and K gives the magnitude of the K max vector in the plane wave expansion.
For AlN we adopted the values of 1.75 and 1.6 Bohr (1 Bohr = 0.529Å) for aluminum and nitrogen, respectively, as the MT radii. In the case of BN we used 1.32 and 1.45 Bohr for boron and nitrogen, respectively.
For modelling the B x Al 1−x N solid solutions, we have chosen the MT radii values of 1.7, 1.5 and 1.4 Bohr for aluminum, nitrogen, and boron, respectively. In the calculations, we have distinguished the Al (1s 2 2s 2 2p 6 ), N (1s 2 ) and B (1s 2 ) inner-shell electrons from the valence electrons of Al (3s 2 3p 1 ),  N (2s  2 2p 3 ) and B (2s 2 2p 1 ) shells. For the irreducible [19] ; c ref. [20] ; d ref. [21] ; e ref. [22] ; f ref. [23] ; g ref. [24] .
wedge of the Brillouin zone, a mesh of 10 special k-points for the binary cases, and eight special k-points were used for the supercell calculations.
Calculations and Results

Structural properties
First calculations were carried out to determine the structural properties of zinc blende-type AlN and BN and of B x Al 1−x N solid solutions.
To model the B x Al 1−x N zinc blende solid solutions, we applied a 32-atom B n Al 16−n N 16 supercell, which corresponds to 2 × 2 × 1 single cells. For the considered structures and at different boron concentrations x (x = 0, 0.25, 0.50, 0.75, 1), the structural properties were obtained by a minimization of the total energy as a function of the volume for AlN, BN and B x Al 1−x N in the zinc blende structure. The bulk moduli and their pressure derivatives were obtained by a non-linear fit of the total energy versus volume according to the Birch-Murnaghan equation of state [17] . In Table 1 , we summarize the calculated structural properties (lattice parameters, bulk moduli and their pressure derivatives) of AlN, BN and B x Al 1−x N solid solutions together with available theoretical and experimental data from the literature. The analysis of our computed quantities shows a good agreement with published results [2, 19 -24] . Assuming that Vegard's law is valid, the lattice parameters of the B x Al 1−x N solid solutions are generally expressed as a linear relation of the boron concentration x [18] , as given in Eq. 1:
(1)
Then we tested the validity of Vegard's law for the ternary B x Al 1−x N compounds with a zinc blende structure with different boron concentrations, x = 0, 0.25, 0.5, 0.75 and 1. The results are plotted in Fig. 1 . To analyze the degree of deviation from Vegard's law, the lattice parameter of the B x Al 1−x N solid solutions as a function of the boron composition x can be approximated using the following formula (Eq. 2):
where a(x) is the composition-dependent lattice parameter of the B x Al 1−x N solutions, a BN and a AlN the lattices parameters of BN and AlN, respectively, and b the deviation parameter of the lattice parameter. With the best fit of the results shown in Fig. 1 using Eq. 2, we found the deviation parameter of the lattice parameter b = −0.32. For AlN and BN, we found an underestimation of the lattice parameters when we compare these results to the available experimental data [20, 23] . This can be interpreted by the use of the LDA in the calculations which is known to be overbinding. In Fig. 2 we plot the results of the bulk moduli versus composition for B x Al 1−x N. Between the different values of the bulk modulus of the pristine extreme binary nitrides, AlN and BN, we observed a nonlinear increase with x of the bulk modulus within the B x Al 1−x N solid solution. This could be due to the approximation made to simulate the ternary B x Al 1−x N system within an ordered supercell. Solid solution calculations assuming disorder can be better carried out using a coherent potential approximation (CPA) [25] .
Electronic structures
The calculations of the electronic band structures, the magnitude of the band gap and the density of states were carried out for AlN, BN and B x Al 1−x N zinc blende structures at the equilibrium-calculated lattice parameters. The energies calculated using the FP-LAPW method for zinc blende-type AlN and BN are listed in Table 2 for the high-symmetry points Γ , X and L in the Brillouin zone. The results are in agreement with previous reports [19 -26] . All energies are with reference to the top of the valence band Γ v 15 . The Table 3 [19 -26] .
Focusing on the electronic properties of the B x Al 1−x N ternary system, we obtained direct band gaps for the transition from the valence-band maximum (Γ The electronic band structure of zinc blende-type B x Al 1−x N is shown in Fig. 5 . The total bowing parameter is calculated by fitting the nonlinear variation of the calculated direct and indirect band gaps in terms of concentration with a polynomial function.
The results are shown in Fig. 6 and obey the following variations (Eqs. 3, 4): 
Density of states (DOS)
An essential ingredient in determining the electronic properties of solids is the energy distribution of the valence-and conduction-band electrons.
Theoretical quantities such as the total electronic energy of a solid, the position of the Fermi level, and the tunnelling probabilities of electrons call for detailed calculations of the electronic density of state (DOS). Calculations of the DOS require a very high degree of precision with the use of a fine k-point mesh in the first Brillouin zone (BZ). In our calculations we considered a k-mesh = 3000 for AlN and BN, and a k-mesh = 100 for the B 0.25 Al 0.75 N solid solutions. For zinc blende-type AlN and BN the total DOS presents three regions. Two valence regions, VB1 and VB2, below the top of the valence band E F , and one conduction band CB above E F (Figs. 7a and 8a) . The lower VB2 valence-band region is dominated by N 2s states and the upper VB1 valence band by N 2p 3 and Al 3p 1 states for AlN, and by N 2p 3 (Fig. 12) , where the contours around N exhibit a higher charge than at the boron site.
Total valence charge densities
To visualize the nature of the bond character, and to explain the charge transfer and the bonding properties ) point, and this essential feature indicates that these materials have very good optical properties at high concentrations of boron compared to those of AlN. According to our calculations materials with x = 0.5 and x = 1 have the same energy E Γ −X = 4.35 eV so that the optical properties can be expected to be the same. Also for Al 0.25 B 0.75 N, the bulk modulus B is large, and the lattice parameter a is relatively small compared to that of AlN, which supports the use of these materials in thin layer electronic devices.
